Abstract:
• The hemodynamics of 29 adult subjects with a congenital intracranial arteriovenous malformation were studied by radiocardiography. The cardiac index, heart rate, stroke index, systemic arterial pulse pressure and radiographical heart volume did not differ significantly from the normal. However, the total blood volume (P < 0.001) and the plasma volume (P < 0.05) were greater than normal.
The radiocardiograms of 17 patients were analyzed by analogue computer. The right heart blood volume (P < 0.05) and the left heart blood volume (P < 0.02) were above normal, but of equal magnitude. The pulmonary blood volume did not differ from the normal. The same was true of the respective volumes as percentages of the total blood volume. The cardiopulmonary (P<0.01) and the peripheral (P < 0.005) blood volumes were greater than normal.
The results indicate that the major circulatory consequence of a congenital intracranial arteriovenous malformation is an increased circulating blood volume.
The size or the location of the malformation did not correlate with the hemodynamic parameters.
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• It is widely accepted that large peripheral, systemic arteriovenous shunts increase the cardiac output. Both the heart rate and the stroke volume increase, the diastolic blood pressure is low, and there tends to be an increase of plasma volume. 1 Further, the magnitude of most hemodynamic changes is reported to be proportional to the size of the arteriovenous fistula. 2 In neonates an intracranial arteriovenous malformation (AVM) acting as an arteriovenous shunt may even cause severe cardiac decompensation, which responds favorably to operative treatment of the malformation. 3 - 4 In adults, however, the evidence that intracranial arteriovenous malformations would result in abnormal circulatory consequences is quite controversial from the few studies available.
-
11 In a very recent review, Pool 12 states: "most cerebral arteriovenous malformations, it is believed, do not impose appreciable burden on the heart."
We have measured by radiocardiography the cardiac output in 29 patients with a congenital From the First Department of Medicine and the Department of Neurology, University Central Hospital, 00290 Helsinki, Finland.
•Deceased, 1971. This study was partly supported by a grant from the Paavo Nurmi Foundation. Stroke, Vol. 4, September-October 1973 intracranial arteriovenous malformation. The radiocardiograms of 17 patients were analyzed further by analogue computer in order to find out the influence on the right heart, pulmonary and left heart blood volumes.
Methods
A total of 29 patients with a congenital intracranial arteriovenous malformation acting as a shunt were studied. There were 13 females and 16 males in the age range from 17 to 60 years (mean 38 years) (table 1) .
The normal values presented here are derived from a series of 15 subjects with no cardiopulmonary disease (hereafter called normals) with a mean age of 35 years (range 16 to 56 years). These subjects (four males and 11 females) have been reported earlier in detail. 13 One of the patients had established arterial hypertension and one was taking digoxin (table 1) . None were having diuretics or any antihypertensive drugs, or were in overt heart failure, and all were in sinus rhythm. None had any clear-cut symptoms or signs of coronary heart disease.
The intracranial vascular abnormality was verified in all cases by carotid angiography. The contours of the malformation in both the lateral and the anteroposterior angiographical x-ray pictures were traced on transparent paper. From the dimensions of these tracings the volume of the arteriovenous malformation was calculated, taking into consideration the geometry of the radiographical procedure. The method is described in closer detail elsewhere. 14 The cardiac output was determined with the subject in the supine position by radiocardiography as reported earlier. 13 ' 15 Commercially available 131 I human serum albumin or generator-produced indium-113m was used as tracer. 13 - 15 The electrocardiogram was registered simultaneously with the radiocardiography.
The radiographical heart volume was determined with the patient standing erect by the method of Jonsell, le with certain modifications as reported earlier from our laboratory. 17 The upper limits for normal radiographical heart volume were taken to be 450 ml/m 2 for females and 500 ml/m 2 for males. Immediately before radiocardiography the blood pressure was measured, with the patient in the supine position, according to the American Heart Association subcommittee recommendations. 15 The radiocardiograms of 17 patients (eight females 788 and nine males) were analyzed further by analogue computer. The analogue model and the analysis procedure have been described in detail elsewhere.
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Results
The clinical features and the hemodynamic data in the 29 patients are given in tables 1 and 2.
The plasma volume in 24 patients was 50 ± 6 ml per kilogram. This is greater (P < 0.02) than the normal value reported earlier from our laboratory. 19 The results of the analogue computer analysis of the radiocardiograms of 17 patients are given in table 2 and figure 1. The correlation coefficients between various parameters in this subgroup are presented in table 3.
The right heart blood volume (RHBV) and left heart blood volume (LHBV) were similarly elevated, being 168 ± 66 ml/m 2 (SD) and 169 ±51 ml/m 2 , respectively. The pulmonary blood volume (PBV) (225 ± 45 ml/m 2 ) was within normal limits. However, the percentage values of RHBV, LHBV and PBV of the total blood volume (TBV), which were 5.5 ± 2.3%, 5.5 ± 1.5% and 7.3 ± 1.0%, respectively, did not differ from the normal.
The ratios of stroke volume (SV) to RHBV (SV/RHBV) and to LHBV (SV/LHBV) were 0.36 ± 0 . 1 4 and 0.32 ± 0.07, respectively. Only the latter was significantly below (P<0.05) the normal value.
The total intracardiac blood volume was 338 ± 11 ml/m 2 , being significantly greater (P < 0.005) than the normal value. But its fraction Stroke, Vol. 4. September-October 1973 of the TBV, 10.0 ± 2.4%, was within normal limits.
The cardiopulmonary blood volume (563 ± 97 ml/m 2 ) was significantly greater (P<0.01) than normal, whereas its percentage of the total blood volume (18.3 ±2.7%) did not differ from the normal.
The peripheral blood volume was calculated by subtracting the cardiopulmonary blood volume from the total blood volume. It was 2.53 ± 0.38 1/m 2 in the present series, being higher (P < 0.005) than the normal (2.15 ± 0.30 ml/m 2 ). The radiographical heart volume was greater than normal in five of the 27 patients. All these patients were over 50 years of age (table 1) 
The right heart blood volumes (RHBV), left heart blood volumes (LHBV) and pulmonary blood volumes (PBV) in 17 subjects with congenital intracranial arteriovenous malformation. Means are indicated with horizontal continuous lines and standard deviations with dotted lines. The means and one standard deviation in normals (N) are indicated on the left side of each column; + = difference from the normal, n = number of subjects.
was a significant correlation between the intracardiac blood volume and the radiographical heart volume (r = 0.49, P < 0 . 0 5 ) .
The mean of systemic arterial pulse pressure was 45 ± 11 mm Hg; it does not differ significantly from the respective normal value (49 ± 16 mmHg). There was no significant correlation between the systemic arterial pulse pressure and cardiac output ( r = -0.02).
The size or location of the arteriovenous malformation did not correlate significantly with any of the hemodynamic parameters measured.
Discussion
A high cardiac output has been noted in subjects with an intracranial arteriovenous malformation and highly increased cerebral blood flow, 0 and in subjects with traumatic carotid cavernous fistula. 11 On the other hand, Hook, Werko and Ohrberg 9 reported a normal cardiac output in eight patients with intracranial arteriovenous malformations, the size of which was in the same range as those in the present study. 20 Because no comparable data are available on the size of the vascular malformations *P < 0.05, tP < 0.001, tP < 0.01. PBV = pulmonary blood volume, RHBV = right heart blood volume, LHBV = left heart blood volume, ICBV = intracardiac blood volume, CPBV = cardiopulmonary blood volume, SV = stroke volume, CO = cardiac output, TBV = total blood volume, HR = heart rate, BSA = body surface area.
All the correlations have been calculated from absolute values.
in the two studies with a high output state, it can only be assumed that this difference may be due to the differences in the size of the malformations. In the present series, 7 cm 3 has been chosen to be the limit between a large and small size of the malformation.
14 Thus, the two cardiac indices in the present study exceeding the normal (mean ± 2 SD) are in patients with large malformations. Our findings are in agreement with those of Hook et al. n with respect to the normal systemic arterial pulse pressure and the normal radiographical heart volume.
The influence of a peripheral extracranial arteriovenous shunt on the heart size is reflected by a definite decrease in the radiographical size after surgical correction of the defect.
21
- 22 Paterson and McKissock 8 reported a radiological enlargement of the heart in nine out of 110 patients with intracranial arteriovenous malformation; all of these nine patients had a large malformation. The size of the malformation as a major determinant of the cardiac enlargement in patients with intracranial arteriovenous malformation has been pointed out by Bernsmeier and Siemons. 23 In the series of 150 patients with intracranial arteriovenous malformation of Krenchel, 10 there was no radiographical evidence of secondary effects on the heart. The duration of an intracranial arteriovenous malformation, i.e., the age of the subject, as an important determinant of the cardiovascular effects has been pointed out by Bernsmeier and Siemons. 23 Their patients with detectable harmful effects (mainly cardiac enlargement) on the cardiovascular system had a mean age of 51 years, and those without any detectable effects, 36 years. When our subjects are divided into two age groups, i.e., those under 40 years and those 40 years and over, there is a significant difference in the radiographical heart Stroke, Vol. 4, September-Odober 1973 volume and the cardiac index between the two age groups ( fig. 2) . The heart volume is higher (P<0.005) and the cardiac index lower (P<0.05) in the older group. Further, the heart volume in the older group and the cardiac index in the younger group are significantly greater than the normal values, P<0.005 and P<0.05, respectively.
It is known that the cardiac index tends to decrease with age.- 4 The increase in heart volume with age is not so apparent. 25 ' 26 Sjostrand 27 has claimed that in cases of physiological enlargement the heart volume shows the same relation to the total blood volume as the normal heart does. In our normal group as well as in the present series, the heart volume correlated with the total blood volume, r = 0.64 ( P < 0 . 0 1 ) and r = 0.52 ( P < 0 . 0 1 ) , respectively. Calculation of this correlation in the two age groups mentioned still shows a significant correlation in the younger group (r = 0.68, P<0.01), but not in the older group, probably due to degenerative myocardial changes. All of the five patients with an enlarged heart volume in the present series belonged to the older group; they also had, following our criteria, large malformations. So the potential role of a relatively large intracranial arteriovenous malformation of long duration on the cardiac enlargement cannot be disclaimed without further evidence.
An increased circulating blood volume has been observed in patients with extracranial arteriovenous fistula.
282 " The reason for this increase remains open. It has been suggested to represent the increase seen in patients with heart failure. 30 It also has been interpreted as an essential homeostatic mechanism. 31 Our results with a significantly increased circulating blood volume, but a normal cardiac output and a positive significant correlation between the total blood volume and cardiac output, would support the The radiographical heart volumes (HV) and cardiac indices (CI) in patients with intracranial arteriovenous malformation. The subjects are divided into two age groups as indicated. The mean :i one standard deviation is indicated in each column; + = difference from the normal, n := number of subjects.
latter view. In a series of eight patients with cerebral arteriovenous malformations, the total blood volume was measured in three and found to be increased in all of them. 5 In the same study the central blood volume was increased in the whole series, as was the cardiopulmonary blood volume in the present study.
The increased total circulating blood volume observed in the present study was quite evenly distributed between the central and peripheral circulations. The right heart, left heart, intracardiac, cardiopulmonary and peripheral blood volumes, i.e., all the measured parameters with the exception of pulmonary blood volume, were significantly higher 792 than the respective normal ones. However, the relative proportion of all these parameters of the total blood volume remained normal.
The normal pulmonary blood volume in patients with intracranial arteriovenous shunts gives support to the views presented earlier on the stability of the pulmonary blood volume in various circulatory disorders.
131532 - 35 In the present study there was not any significant correlation between right heart blood volume and pulmonary blood volume (a situation similar to that in arterial hypertension), but a correlation exists in normals and in patients with mitral or aortic stenosis. 1315 Both the mean pulmonary artery pressure and pulmonary vascular 
CARDIOVASCULAR DIMENSIONS IN INTRACRANIAL ARTERIOVENOUS MALFORMATION
resistance have been shown to be normal or even lower in patients with intracranial arteriovenous malformations. 5 The size of the intracranial arteriovenous malformation did not have any correlation with the hemodynamic parameters. On the other hand, the magnitude of most hemodynamic changes has been shown to be proportional to the size of the systemic arteriovenous fistula. 2 It is evident that congenital intracranial shunts seen in adults are relatively small, not great enough to cause any significant hemodynamic changes as such. However, as figure 2 indicates, the long duration of the intracranial arteriovenous shunt might have importance as a cause of hemodynamic changes.
The present study indicates that the cardiac output and the radiographical heart volume in patients with a congenital, frequently quite small, intracranial arteriovenous malformation are not uniformly increased. However, the circulating blood volume is clearly increased, and it seems to be evenly distributed between central and peripheral circulations.
